ABSTRACT The glassy-winged sharpshooter (Homalodisca vitripennis) is synovigenic and must feed as an adult to produce eggs. Egg maturation rates depend on the host plant species provided to the adult female for feeding and are variable for females provided with the same host plant species. Here, the contribution of female size and lipid content to variation in egg maturation rates among females held on the same host plant species was assessed. To assess effects of female size and lipid content on egg maturation, feeding assays followed by measurements of egg load, female size, and lipid content were conducted. To accomplish this, females were field collected and held on cowpea until producing approximately 0, 12, 25, or 50 ml of excreta. After reaching prescribed excreta thresholds, females were dissected to determine egg load, hind tibia length, and head capsule width. Mature eggs were removed from the abdomen and dry weight of eggs and bodies (head, thorax, and abdomen) were obtained. Lipid content of eggs and bodies were determined using a quantitative colorimetric assay. Rates of body weight gain and body lipid gain were rapid with low levels of feeding (12 ml of excreta) but decelerated with additional feeding (>12 ml of excreta). In contrast, low levels of feeding (12 ml of excreta) resulted in little egg production, with rates of egg production accelerating with additional feeding (>12 ml of excreta). Accordingly, egg production was preceded by an increase in body dry weight and body lipid content. In agreement, probability that a female carried eggs increased with body lipid content in the 0-, 12-, and 25-ml feeding treatments. Across treatments, larger females carried more eggs than smaller females. Collectively, results suggest that variation in glassy-winged sharpshooter egg maturation rates partially may be explained by availability of lipid reserves at the start of a feeding bout and female size.
Egg production is energetically costly (Wheeler 1996) . For synovigenic species, none or only a portion of the full complement of eggs is mature at adult emergence (Jervis et al. 2001 (Jervis et al. , 2005 . Energetic resources for egg production by synovigenic species may carryover from the juvenile stage, be acquired by the adult, or both (Jervis et al. 2001 (Jervis et al. , 2005 Casas et al. 2005; Wessels et al. 2010) . The contribution of juvenile resources to egg production is expected to decline as the proportion of the full egg complement that is mature at time of adult emergence declines (Jervis et al. 2005) . Accordingly, species that emerge without mature eggs are likely to rely on adult feeding to obtain nutrients required to mature eggs (Jervis et al. 2005 (Jervis et al. , 2007 . For such insects, egg maturation rates are predicted to reflect quality of the adult diet.
The glassy-winged sharpshooter, Homalodisca vitripennis (Germar) (Hemiptera: Cicadellidae), is synovigenic (Sisterson 2008) . Adult females emerge without mature eggs (Sisterson 2008) , and females must feed to produce mature eggs (Sisterson 2012) . The host range of the glassy-winged sharpshooter is broad (Hoddle et al. 2003) , with adult and nymphs consuming xylem sap (Brodbeck et al. 1995) . As expected, egg maturation rates depend on the quality of the host plant species fed on by the adult female (Sisterson 2012) . However, egg maturation rates of females provided with the same host plant species are variable (Sisterson 2014 ). As stated above, differences in egg maturation rates of females held on different host plant species reflect nutritional quality of the host plant species. In contrast, variation in egg maturation rates of females held on the same host plant species reflect differences among females. To better understand factors contributing to variable egg maturation response of glassy-winged sharpshooter females provided with the same host plant species, effects of glassy-winged sharpshooter size and lipid content on egg maturation were investigated.
Female size and lipid content were selected for evaluation as both are known to affect egg production in insects. Female size has widely been observed to affect fecundity, with larger females producing more eggs Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture. USDA is an equal opportunity provider and employer.than smaller females (Honȇk 1993) . Glassy-winged sharpshooters deposit eggs in masses, with females often depositing all available eggs (Sisterson 2012 (Sisterson , 2014 . As a result, females experience periods of transient egg limitation, where feeding is required to produce additional mature eggs (Sisterson 2008 (Sisterson , 2012 (Sisterson , 2014 . Accordingly, larger glassy-winged sharpshooters with proportionally larger abdomens may be able to hold more eggs than smaller females. Further, as flight performance of insects is often correlated with ratio of thorax mass (i.e., flight muscles) to abdomen mass (Marden 1987) , larger females with proportionally larger flight muscles may be able to carry more eggs than smaller females without affecting flight performance.
Insect eggs are composed of $16% (Grapes et al. 1989 ) to 40% (Kawooya and Law 1988) lipid. While a portion of egg lipid is synthesized in developing follicles, the majority of lipid found in insect eggs originates from dietary sources or was transported from the fat body (Kawooya and Law 1988, Ziegler and Antwerpen 2006) . Lipids from the fat body also may be mobilized during periods of sustained flight (Canavoso et al. 2003 , Gäde et al. 2006 , Arrese and Soulages 2010 or used as an energy source during periods of starvation (Ziegler 1991) . As lipids are required for egg production but also support other life history functions, patterns of egg production may reflect changes in availability of lipid reserves.
Studies evaluating factors affecting egg maturation in insects typically focus on holometabolous insects in the orders Lepidoptera, Diptera, and Hymenoptera (Minkenberg et al. 1992; Rivero and Casas 1999; Papaj 2000; Jervis and Ferns 2004; Jervis et al. 2005 Jervis et al. , 2007 . By comparison, studies with hemimetabolous insects are less common and even more so for herbivorous hemipterans such as the glassy-winged sharpshooter. Absence of knowledge regarding factors affecting glassy-winged sharpshooter egg maturation is problematic, as the glassy-winged sharpshooter is an invasive insect (Sorensen and Gill 1996, Stenger et al. 2010) that is the subject of an area-wide control program in California (Daugherty et al. 2013) . To improve basic understanding of factors affecting glassy-winged sharpshooter egg production, this study first described changes in glassy-winged sharpshooter dry weight and lipid content in response to feeding. Subsequently, effects of female size and body lipid content on egg maturation were assessed.
Materials and Methods
Insects. Glassy-winged sharpshooter females used for all experiments were collected from an urban site in Bakersfield, CA (Kern County, USA). The collection location consisted of a mix of ornamental plants including oleander (Nerium oleander L.), red tipped photinia (Photinia fraseri Dress), acacia (Acacia redolens Maslin), and crape myrtle (Lagerstroemia indica L.). Insects were collected by beating foliage and capturing falling insects in a 40-cm-diameter sweep net. Collected insects were transported to the laboratory and immediately exposed to experimental conditions.
Plants. Sorghum (Sorghum bicolor (L.) 'RTX7000') and cowpea (Vigna unguiculata (L.) 'black eye') were used in the experiments described below due to known effects on glassy-winged sharpshooter egg maturation; females mature few eggs when feeding on sorghum, but produce many eggs when feeding on cowpea (Sisterson 2008 (Sisterson , 2012 (Sisterson , 2014 . Both host plant species are readily accepted for oviposition (Sisterson 2012) . All plants were grown in 0.5-liter pots using Sunshine Soil Mix 1 (Sun Gro Horticulture, Bellevue, WA) and fertilized at planting with 5 ml of Osmocote 14-14-14 slow release fertilizer (Scotts, Marysville, OH). Plants were 5-8 wk old at time of use.
Feeding Assays. Feeding assays were conducted to describe changes in glassy-winged sharpshooter dry weight, egg load, and lipid content in response to feeding. Results from feeding assays also were used to assess effects of female size and lipid content on egg maturation. To improve estimates of egg production during feeding assays, the protocol of Sisterson (2014) was used to reduce mean and variance in egg load of females entering feeding assays. Thus, prior to feeding assays, field-collected females were provided with a 4-d oviposition period on sorghum. An oviposition period on sorghum reduces mean and variance in egg load of females, as females readily deposit eggs on sorghum, but mature few eggs when feeding on sorghum (Sisterson 2012 (Sisterson , 2014 . The only deviation from the protocol described by Sisterson (2014) was that females were held on sorghum for the full 4 d, regardless of whether or not eggs were deposited.
After pretreatment on sorghum, females were randomly divided into four groups. The first group (Baseline or 0 ml) was dissected at end of the 4-d oviposition period on sorghum to provide estimates of female status at the time feeding assays were initiated. The other three groups were placed into feeding assays and assigned a feeding threshold of 12, 25, or 50 ml of excreta per female. Feeding thresholds were selected based on observations made during previous feeding assays and represent low, medium, and high levels of feeding observed over a 6-d period (Sisterson 2012 (Sisterson , 2014 . Feeding assays consisted of individually confining females to cowpea stems in Parafilm (Bemis Company, Oshkosh, WI) enclosures (6 by 9 cm). Females confined to stems will feed but rarely oviposit (Sisterson 2012 (Sisterson , 2014 . As a result, eggs accumulate in the abdomen. A 15-ml tube attached to the base of each Parafilm enclosure collected excreta. Tubes were checked twice daily; if half-full, the amount of excreta produced was recorded and the tube emptied. As it is not possible to halt feeding at an exact level of excreta production, assays were ended when excreta production exceeded a value just below the threshold to ensure that females did not overshoot the target threshold between checks. Minimum cutoff values for the 12-, 25-, and 50-ml treatments were 9 ml, 21 ml, and 45 ml, respectively. Females were given a maximum of 12 d to reach specified feeding thresholds.
If the threshold was not achieved within 12 d, total amount of excreta produced was recorded and the assay ended.
The aforementioned experimental protocol was completed twice, once on 17 June 2013 (n ¼ 27 per treatment) and again on 1 July 2013 (n ¼ 26 per treatment). For analyses, females that died or did not reach prescribed excreta thresholds were excluded. Mortality increased with increasing excreta threshold. Specifically, 0, 17, 40, and 55% of females died in the Baseline (0 ml), 12-, 25-, and 50-ml treatments, respectively. All surviving females in the Baseline (0 ml), 12-, and 25-ml treatments reached designated excreta thresholds. In contrast, only 59% of surviving females in the 50-ml treatment reached their prescribed excreta threshold. Taking into account mortality or failure to reach the designated feeding threshold resulted in sample sizes for analyses of 54, 44, 32, and 13 for the Baseline (0 ml), 12-, 25-, and 50-ml treatments, respectively. Experiments were conducted at 27 C with a photoperiod of 14:10 (L:D)h.
Size Measurements. Female size was quantified by multiplying standardized head capsule width by standardized hind tibia length. To accomplish this, hind tibia length and head capsule width (distance between the anterior bases of the eyes) of each female was measured to the nearest 0.10 mm under a stereomicroscope. Head capsule widths and hind tibia lengths were standardized by dividing each value by the largest observed value for each measure (head capsule width: 2.8 mm; hind tibia length: 4.1 mm). Head capsule widths and hind tibia lengths were standardized to ensure that each contributed equally to the final metric.
Dissections and Dry Weights. After size measurements, females were placed individually into clean 1.5-ml ceramic wells filled with deionized water for dissection. Females were dissected to determine number of mature eggs carried by the female following the methods of Sisterson (2008 Sisterson ( , 2012 Sisterson ( , 2014 ) that were adapted from methods with parasitoids Copland 1996, Sisterson and Averill 2002) . Presence of immature eggs that were at least 0.25 times the size of a mature egg also was noted. Mature eggs and immature eggs (eggs that were at least 0.25 times the size of a mature egg) were transferred to a preweighed 1.5-ml tube. The body (head, thorax, abdomen, and legs) was placed in a separate preweighed 1.5-ml tube. The fluid content from the ceramic well was transferred to the tube containing the body using a disposable transfer pipette. Tubes were placed into an incubator and dried for 72 h at 60 C. After drying, tubes were reweighed and dry weights of bodies and eggs recorded after subtracting weight of the empty tube. Throughout, "body weight" is used to refer to weight of the insect body without eggs, "egg load weight" is used to refer to weight of all eggs carried by the female, and "total weight" is used to refer to combined weight of the insect body and all eggs. Egg load weight rather than egg load number was reported to ease comparison between allocations of resources to eggs versus the body. Nonetheless, egg load weight was linearly related to egg load number (F ¼ 814.82, df ¼ 1, 58, P < 0.0001, r 2 ¼ 0.93; egg load number ¼ 6.96 Â (egg load weight) À 1.67). Lipid Assays. Lipid content of eggs and bodies (head, thorax, abdomen, and legs) was determined separately using a colorimetric assay (Van Handel 1985 , Benedict 2010 , Cheng et al. 2011 , Williams et al. 2011 , Foray et al. 2012 . Dried bodies or eggs were homogenized in 0.2 ml of 2% sodium sulfate. After homogenization, 2.8 ml of chloroform:methanol (50:50) was added and the homogenate centrifuged at 1076 Â g (3,000 rpm in a Sorvall ss34 rotor) for 1 min. The pellet was discarded and 2 ml of deionized water was added to the supernatant which was again centrifuged at 1076 Â g for 1 min. The chloroform (bottom) phase was transferred to a clean tube and heated (100 C) to evaporate solvent. Subsequently, 0.2 ml of sulfuric acid was added and the tube heated for 10 min at 100 C. After heating, 4.8 ml of vanillin reagent (1.5 mg vanillin per ml 68% phosphoric acid [4:1 85% phosphoric acid: deionized water]) was added and the solution incubated for 5 min to allow color formation. To complete the procedure, samples were diluted 1:10 in 68% phosphoric acid and optical density determined at 525 nm. Soybean oil was used to generate standard curves. Standards were run in triplicate. Throughout, "body lipid" is used to refer to lipid content of the insect body without eggs, "egg load lipid" is used to refer to lipid content of all eggs carried by the female, and "total lipid" is used to refer to the total lipid content of the insect body and all eggs.
Analyses. Baseline (0 ml) females provide a description of the state of insects entering feeding assays. As egg maturation response to feeding was anticipated to be a function of differences among females, variation in size, egg load, body weight, and body lipid of Baseline (0 ml) females was described. Then, to improve understanding of relationships between female size, body weight, and body lipid of Baseline (0 ml) females, multiple regressions that included date as a factor were completed.
To understand allocation patterns of resources to the body versus eggs, effects of excreta production on changes in body weight, body lipid, egg load weight, egg load lipid, total weight, and total lipid were evaluated. For body weight, body lipid, total weight, and total lipid, this was accomplished using multiple regressions that included treatment (0, 12, 25, and 50 ml), size, and date as factors. For egg load weight and egg load lipid, an alternative analysis was required, as variance in egg load weight and egg load lipid significantly increased with excreta production. Accordingly, Welch's ANOVA which adjusts for unequal variances (SAS 2010) was used to evaluate effects of feeding on egg load weight and egg load lipid on each date. To describe the relationship between excreta production and changes in weight or lipid content, the fit of exponential (accelerating), logarithmic (decelerating), and linear (constant rate) models to the means for each treatment were compared. The model that produced the lowest value for the sum of squares for error (SSE) was deemed to best describe the data. Finally, to understand how egg production affected total weight of a glassy-winged sharpshooter, the relationship between the number of mature eggs carried by a female and the ratio of egg load weight to total weight (calculated as egg load weight Ä total weight) was described.
Within treatments, females produced equivalent amounts of excreta. Accordingly, differences in egg load weight or egg load lipid of females from the same treatment were presumably due to differences among females. Thus, effects of female size and body lipid content on egg maturation were assessed by conducting analyses within treatments. To assess effects of female size on egg load weight and egg load lipid, multiple regressions that included date as a factor were completed. Finally, logistic regression was used to evaluate effects of body lipid, size, and date on probability that a female carried eggs within each treatment (SAS 2010). All statistics were completed using JMP (SAS 2010). In multiple regression and logistic regression analyses, interaction terms were included during initial model fitting and eliminated if insignificant.
Results
Baseline (0 ml) Females Carried Few Eggs and Varied in Size, Body Weight, and Body Lipid. At the end of the oviposition period on sorghum, 76% of Baseline (0 ml) females did not carry mature eggs (Fig. 1A) . Thus, females entering feeding assays carried few eggs. Baseline (0 ml) female size was variable (Fig. 1B) . Hind tibia lengths ranged from 3.4 to 4 mm and head capsule widths ranged from 2.2 to 2.8 mm. Dry body weight of Baseline (0 ml) females ranged from 4.86 to 15.77 mg (Fig. 1C) and body lipid content of Baseline (0 ml) females ranged from 0.09 to 3.66 mg (Fig. 1D) . Accordingly, there was sufficient variation among females to test for effects of size, body weight, and body lipid on egg production.
Body Weight of Baseline (0 ml) Females Was Related to Female Size, Whereas Body Lipid Was not Related to Female Size. Body weight of Baseline (0 ml) females significantly increased with female size (F ¼ 40.9, df ¼ 1, 51, P < 0.0001, r 2 ¼ 0.45; Fig. 2A ), with no effect of date (F ¼ 0.01, df ¼ 1, 52, P ¼ 0.91). In contrast, lipid content of Baseline (0 ml) female bodies was not related to size (F ¼ 1.4, df ¼ 1, 51, P ¼ 0.25, Fig. 2B ) or date (F ¼ 0.03, df ¼ 1, 51, P ¼ 0.87). Rather, body lipid had an exponential relationship with body weight after the effect of size on body weight was removed (F ¼ 61.67, df ¼ 1, 52, P < 0.0001; Fig. 2C ). Accordingly, disproportionally heavy females for a given size had greater body lipid than females that were disproportionally light for a given size. Thus, body lipid appears to be a reflection of current physiological status rather than a function of female size.
Body Weight and Body Lipid Increased Logarithmically with Excreta Production. Body weight (F ¼ 17.9, df ¼ 3, 137, P < 0.0001; Fig. 3A ) and body lipid (F ¼ 5.74, df ¼ 3, 137, P ¼ 0.001; Fig. 3B ) were significantly affected by excreta production. The relationships between excreta production and body weight (SSE ¼ 0.08) and excreta production and body lipid (SSE ¼ 0.01) conformed to logarithmic models ( Fig. 3A and B) . Specifically, bodies of females that produced 12 ml of excreta were 26% heavier and had 67% more lipid than bodies of females from the Baseline (0 ml) treatment. However, rates of body weight gain and body lipid gain decelerated with additional excreta production. Specifically, females that produced 50 ml of excreta were only 7% heavier and had only 14% more body lipid than females that produced 12 ml of excreta.
As seen in analyses of Baseline (0 ml) females ( Fig.  2A and B) , body weight was significantly affected by female size (F ¼ 75.3, df ¼ 1, 137, P < 0.0001), whereas body lipid was not affected by female size (F ¼ 2.80, df ¼ 1, 137, P ¼ 0.10). Thus, across treatments larger females had heavier bodies than smaller females. In contrast, body lipid was not affected by female size; rather body lipid was a function of female excreta production (Fig. 3B) . Finally, there was no effect of date on body weight (F ¼ 0.05, df ¼ 1, 137, P ¼ 0.83) or body lipid (F ¼ 0.98, df ¼ 1, 137, P ¼ 0.32).
Egg Load Weight and Egg Load Lipid Increased Exponentially With Excreta Production. Excreta production significantly affected egg load weight (17 June 2013: F ¼ 9.98, df ¼ 3, 15.7, P ¼ 0.0006; 1 July 2013: F ¼ 4.64, df ¼ 3, 18.9, P ¼ 0.01; Fig. 3C ) and egg load lipid (17 June 2013: F ¼ 4.32, df ¼ 3, 15.5, P ¼ 0.02; 1 July 2013: F ¼ 3.52, df ¼ 3, 19, P ¼ 0.03; Fig. 3D ). The relationships between excreta production and egg load weight (SSE ¼ 0.04) and between excreta production and egg load lipid (SSE ¼ 0.003) conformed to exponential models ( Fig.  3C and D) . Accordingly, egg production was minimal until females produced >12 ml of excreta. Feeding beyond 12 ml of excreta was associated with accelerated egg production (Fig. 3C) .
Total Weight and Total Lipid Increased Linearly With Excreta Production. Total weight (body þ egg load; F ¼ 30.72, df ¼ 3, 137, P < 0.0001; Fig. 3E ) and total lipid (body þ egg load; F ¼ 10.61, df ¼ 1, 137, P < 0.0001; Fig. 3F ) were significantly affected by excreta production. Body weight and body lipid were decelerating functions of excreta production ( Fig. 3A and B) , whereas egg load weight and egg load lipid were accelerating functions of excreta production ( Fig. 3C and D) . As a result, the net effect of excreta production on total weight (SSE ¼ 0.74) and total lipid (SSE ¼ 0.07) conformed to linear models ( Fig. 3E and  F) . Accordingly, egg production was preceded by an increase in body weight and body lipid (compare Fig. 3A and B to Fig. 3C and D) . Subsequently, allocation of resources to the body decreased as resources were shifted to egg production. Across treatments, larger females had greater total weight (F ¼ 77.41, df ¼ 1, 137, P < 0.0001) and total lipid (F ¼ 6.91, df ¼ 1, 137, P ¼ 0.01) than smaller females. Finally, date did not affect total weight (F ¼ 0.54, df ¼ 1, 137, P ¼ 0.47) or total lipid (F ¼ 1.21, df ¼ 1, 137, P ¼ 0.27).
Eggs Account for a Significant Proportion of Total Weight. The ratio of egg load weight to total weight increased with the number of eggs carried by a female and the relationship was best described by a 2nd order polynomial (F ¼ 288.54, df ¼ 2, 56, P < 0.0001, r 2 ¼ 0.91; Fig. 4) . Females in the 50-ml group carried an average of 23 eggs which equated to 22.5% of dry mass. The percentage of total weight that was egg for the female with the largest egg load (63 eggs) was 35.3%. Thus, egg production substantially increased total insect weight.
Larger Females Carried More Eggs Than Smaller Females. There was a significant effect of female size on egg load weight for females in the 12-ml Fig. 3 . Relationships of excreta production with body weight (A), body lipid (B), egg load weight (C), egg load lipid (D), total weight (E), and total lipid (F). Mean (6SE) for each treatment is shown. To describe trends in changes in mass or lipid content with excreta production, logarithmic, exponential, or linear models were fit to means.
(F ¼ 6.13, df ¼ 1, 41, P ¼ 0.02; Fig. 5A ) and 25-ml treatments (F ¼ 8.68, df ¼ 1, 29, P ¼ 0.006; Fig. 5C ) and a significant effect of female size on egg load lipid in the 12-ml (F ¼ 9.30, df ¼ 1, 41, P ¼ 0.004; Fig. 5B ) and 25-ml treatments (F ¼ 7.62, df ¼ 1, 29, P ¼ 0.01; Fig. 5D ). Date did not affect egg load weight or egg load lipid in the 12-or 25-ml treatments (egg load weight 12 ml: F ¼ 0.12, df ¼ 1, 41, P ¼ 0.73; egg load lipid 12 ml: F ¼ 0.57, df ¼ 1, 41, P ¼ 0.46; egg load weight 25 ml: F ¼ 0.02, df ¼ 1, 29, P ¼ 0.89; egg load lipid 25 ml: F ¼ 0.20, df ¼ 1, 29, P ¼ 0.66).
In the 50-ml treatment, egg load weight was significantly affected by an interaction between female size and date (F ¼ 5.55, df ¼ 1, 9, P ¼ 0.04; Fig. 5E ), with no main effect of female size (F ¼ 1.59, df ¼ 1, 9, P ¼ 0.24) or date (F ¼ 2.98, df ¼ 1, 9, P ¼ 0.12). Similarly, there was a marginally significant effect of the interaction between female size and date on egg load lipid in the 50-ml treatment (F ¼ 4.26, df ¼ 1, 9, P ¼ 0.07; Fig. 5F ), with no main effect of female size (F ¼ 0.88, df ¼ 1, 9, P ¼ 0.37) or date (F ¼ 0.76, df ¼ 1, 9, P ¼ 0.41). The interaction between female size and date in the 50-ml treatment occurred due to a positive relationship between female size and egg load weight or egg load lipid on the first test date (17 June 2013) and a negative relationship between female size and egg load weight or egg load lipid on the second test date (1 July 2013; Fig. 5E and F) . On the second test date, all females that achieved the 50 ml excreta threshold were of moderate or small size ( Fig. 5E and F) . Absence of large females (standardized head width Â hind tibia length >0.80) from the 50-ml treatment on the second test date may partially explain absence of positive relationship between size and egg load weight or egg load lipid.
Presence of Eggs Was Positively Associated With Body Lipid. Within treatments, presence of eggs was significantly associated with body lipid in the Baseline (0 ml; v 2 ¼ 6.82, df ¼ 1, P ¼ 0.009), 12-ml (v 2 ¼ 23.21, df ¼ 1, P < 0.0001), and 25-ml (v 2 ¼ 13.42, df ¼ 1, P ¼ 0.0002) treatments (Fig. 6) . Across treatments, 10% of females with <1 mg of body lipid carried eggs (6 of 52 females), whereas 64% of females with !1 mg of body lipid carried eggs (54 of 85 females). Logistic regression was not used to assess effects of body lipid, size, and date on probability that females carried eggs in the 50-ml treatment, as only a single surviving female did not carry eggs (12 of 13 females carried eggs).
Effects of female size on probability that a female carried eggs were less consistent across treatments. The probability that a female carried eggs was not affected by size in the Baseline (0 ml) treatment (v 2 ¼ 0.07, df ¼ 1, P ¼ 0.79). In the 12-ml treatment, probability that a female carried eggs was not affected by the main effect of female size (v 2 ¼ 0.87, df ¼ 1, P ¼ 0.35), but was affected by the interaction of female size with body lipid (v 2 ¼ 6.38, df ¼ 1, P ¼ 0.01). In the 25-ml treatment, probability that a female carried eggs was significantly affected by female size (v 2 ¼ 15.80, df ¼ 1, P < 0.0001). Date did not affect probability that a female carried eggs in the Baseline (0 ml; v 2 ¼ 3.12, df ¼ 1, P ¼ 0.08) and 25-ml (v 2 ¼ 0.47, df ¼ 1, P ¼ 0.49) treatments. However, date did affect probability that a female carried eggs in the 12-ml treatment (v 2 ¼ 6.48, df ¼ 1, P ¼ 0.01).
Discussion
Glassy-winged sharpshooter females varied in size (Fig. 1B) and after a 4-d oviposition period on sorghum displayed considerable variation in body lipid (Fig.  1D) . Low levels of feeding (12 ml of excreta) resulted in an initial rapid increase in body weight and body lipid ( Fig. 3A and B) . Rates of increase in body weight and body lipid decelerated (Fig. 3A and B) with additional feeding (> 12 ml of excreta), as resources were diverted to egg production ( Fig. 3C and D) . Accordingly, egg production was preceded by an increase in body weight (Fig. 3A) and body lipid (Fig. 3B) ; an observation further supported by significant effects of body lipid on probability that females carried mature Fig. 4 . Relationship between number of eggs carried by a female and the ratio of egg load weight to total weight (egg load weight Ä total weight) for all females that carried mature eggs.
eggs (Fig. 6) . In general, larger females carried more eggs than smaller females (Fig. 5) , with the largest eggs loads (>40 eggs) observed in females that were in the 75th percentile for size. Thus, variation in glassywinged sharpshooter egg maturation rates partially may be explained by availability of lipid reserves at the start of a feeding bout and female size.
In general, larger glassy-winged sharpshooter females produced more eggs than smaller females (Fig. 5) . Glassy-winged sharpshooter size is known to Fig. 5 . Relationships between female size and egg load weight (A, C, E) or egg load lipid (B, D, F) for females in the 12-ml (A, B), 25-ml (C, D), and 50-ml (E, F) treatments. In panels A, B, C, and D, a single line is shown, as there was no interaction between size and date. In panels E and F, regression lines were fitted separately to each date, as there was an interaction of size with date.
be affected by nymphal diet (Lauzière and Sétamou 2009, Chen et al. 2010 ). Thus, it seems reasonable to hypothesize that nymphal diet affects fecundity via effects on female size. In addition, presence of eggs was positively associated with body lipid (Fig. 6) . While body lipid changes in response to adult feeding (Fig.  3B) , the amount of lipid reserves present at the time of eclosion likely reflects quality of the nymphal diet. For example, Hahn (2005) found that lipid reserves of the grasshopper, Schistocerca Americana (Drury) (Orthoptera: Acrididae), increased with protein and carbohydrate content of their diet. As lipids are required to produce eggs, the amount of lipid available at the time of adult emergence could affect timing and magnitude of glassy-winged sharpshooter reproduction. Additional research is needed to evaluate this possibility.
Mean lipid content of glassy-winged sharpshooter eggs was 22%, an estimate that falls in the middle of the range reported for other insect species. For example, Grapes et al. (1989) reported that Acheta domesticus L. (Orthoptera: Gryllidae) eggs were 16.1% lipid, whereas Kawooya and Law (1988) reported that Manduca sexta L. (Lepidoptera: Sphingidae) eggs were 40% lipid. Mean percentage lipid content for whole glassy-winged sharpshooters (bodies and eggs) was 12.5%, similar to the mean estimate of 12.4% reported by Lease and Wolf (2011) , who evaluated lipid content of 243 insect species. While glassy-winged sharpshooter body weight increased with female size (Fig. 2A) , body lipid did not increase with female size (Fig. 2B) . Rather body lipid was a logarithmic function of adult feeding (Fig. 3B) , with disproportionately heavy females of a given size having greater body lipid than disproportionately light females of the same size (Fig. 2C) .
To quantify lipid content, a colorimetric assay was used (Van Handel 1985 , Benedict 2010 , Williams et al. 2011 , Cheng et al. 2011 , Foray et al. 2012 . The protocol used here did not differentiate between neutral and polar lipids. Lipids stored in the fat body for energy are usually the neutral lipid triglyceride (Arrese and Soulages 2010) . In contrast, polar lipids are generally structural and used to form lipid bilayers. Accordingly, differentiating between neutral and polar lipids may provide additional insight into the effects of feeding on lipid synthesis and allocation to eggs by the glassywinged sharpshooter (Foray et al. 2012) . During dissection, each insect was divided into two samples that were subjected to lipid quantification: bodies (head, thorax, and abdomen) and eggs (all eggs that were at least 0.25 times the size of a mature egg). As individual body parts or organs were not assayed separately, the origin of lipids found in the body cannot be specified. Thus, assaying specific body parts or organs would aid in identifying source of quantified lipids.
Eggs accounted for up to 35% of a female's total weight (Fig. 4) . As eggs are held in the abdomen, egg production increases abdominal weight relative to the thorax. In general, flight performance in insects is correlated with ratio of thorax weight (i.e., flight muscles) to abdominal weight (Marden 1987) . Such increases in abdominal weight relative to the thorax have been shown to affect take-off velocity (Roitberg et al. 2003, Almbro and Kullberg 2008) , take-off angle (Almbro and Kullberg 2012) , flight height (Isaacs and Byrne 1998) , flight distance (Rankin et al. 1994) , and predator avoidance (Roitberg et al. 2003 ) in a range of species. Accordingly, it seems reasonable to hypothesize that flight performance of glassy-winged sharpshooters females may decrease with increasing egg load.
While female size affected egg production (Figs. 5 and 6), it is unclear whether such effects would translate to higher lifetime fecundity in the field. In this study, egg production was observed over a short period (maximum of 12 d) relative to oviposition periods in the field. In addition, females were confined to plant stems and prevented from accessing leaves, the preferred oviposition site. Thus, factors affecting glassy-winged sharpshooter longevity (Bauerfeind and Fischer 2008) and movement of females between feeding and oviposition sites may have a greater impact on lifetime fecundity than female size. In agreement, Krugner (2010) found no effect of glassy-winged sharpshooter size (as measured by hind tibia length) on lifetime fecundity in the laboratory.
Glassy-winged sharpshooter females emerge without mature eggs and must feed to produce mature eggs (Sisterson 2008 (Sisterson , 2012 . While differences in egg maturation rates of glassy-winged sharpshooter females held on different plant species are largely due to differences among host plant species, factors contributing to variable egg maturation response of females held on the same host plant species are not well understood. Here, allocation patterns of resources to glassy-winged Fig. 6 . Percentage (6SE) of females with eggs based on body lipid content and female size. For visualization, females were divided into groups based on body lipid content (low versus high) and size (small versus large). As body lipid increased with excreta production, means within treatments were used to determine the cutoff between low and high body lipid (means are shown in Fig. 3B ). As size did not change with excreta production, mean size across all treatments was used to determine the cutoff between small and large size (mean size ¼ 0.79). L, significant main effect of body lipid; S, significant main effect of size; L*S, significant interaction between body lipid and size. Logistic regression analyses were not completed for females in the 50-ml treatment, as only a single female did not carry eggs (12 of 13 females carried eggs).
sharpshooter bodies versus eggs in response to feeding were described (Fig. 3) . Subsequently, differences in egg maturation response of females that consumed equivalent amounts of xylem-sap from the same host plant species where shown to be affected by female size (Figs. 5 and 6) and body lipid (Fig. 6) . Thus, variation in egg maturation response of glassy-winged sharpshooter females held on the same host plant species reflects measurable physiological differences among females.
